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Experimental evidence for a transient enhancement of the superconducting critical temperature of
YBa2Cu3O6+x in the presence of an intense THz or infrared pump pulse was ascribed to nonlinear phononics
effects. Here, I introduce a simple phenomenological Ginzburg-Landau model of this phenomenon, to explore
further consequences and possible experimental tests of this interpretation. This treatment predicts that, upon
cooling below Tc in the absence of pumping, (a) an abrupt softening of a Raman-active mode frequency and
(b) a spontaneous lattice distortion, growing linearly with (Tc − T ) should occur. Numerical estimates for
YBa2Cu3O6+x indicate that the frequency softening could likely be observable, whereas the lattice distortion
may be too small. A comparison with Raman experiments for the relevant phonon modes in YBa2Cu3O6+x
does not lend support to the nonlinear phononics interpretation. On the other hand, however, a very large (up
to 18%) phonon frequency softening just below Tc, qualitatively similar to the predictions of the present model
for its size and abrupt temperature dependence, was observed over 20 years ago in HgBa2Ca3Cu4O10+x; its
explanation in terms of Josephson plasmons has been controversial. Light-induced superconductivity still needs
to be investigated in this material and it may be of interest to explore if it is present and possibly connected, via
the mechanism discussed here, to the observed anomalous phonon behavior.
DOI: 10.1103/PhysRevResearch.2.033384
I. INTRODUCTION
The observation of the phenomenon termed light-enhanced
or light-induced superconductivity [1–4] has raised large in-
terest. In the presence of an intense sub-ps THz or infrared
(IR) pump pulse, the optical properties of materials such as
YBa2Cu3O6+x and K3C60, when probed at temperatures well
above their respective superconducting critical temperatures,
showed dynamical conductivity spectra very similar to those
of the superconducting phase. This evidence for a transient
radiation-induced phase, with unprecedented superconducting
critical temperatures, up to room temperatures, has stimu-
lated theoretical and experimental work, aimed at providing
and testing an explanation of this remarkable phenomenon.
Among these efforts, the nonlinear lattice dynamics, or
nonlinear phononics explanation [5–7], of light-enhanced su-
perconductivity gained the most attention, especially after the
ultrafast x-ray experiments by Mankowsky et al. [7].
According to this explanation, the most important effect
of the pump pulse is to push one (or more) optical phonon
A1g-symmetric mode coordinate Q off its equilibrium value by
excitation of an infrared-active mode QIR, due to a nonlinear
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coupling that, according to Mankowsky et al.’s [7] arguments,
is of the form −a1,2QQ2IR, where the suffix 1 (2) of the cou-
pling constant refers to the linear (quadratic) dependence on Q
(QIR); here, and in the following, the k dependence of phonon
modes is not mentioned explicitly, as by optical excitation
only modes at the  point are being excited. Indeed, when
this term is added to the harmonic potentials and the kinetic
energies of the QIR, Q oscillators, the Barbanis Hamiltonian
[8] is obtained, which has been thoroughly investigated in
the context of celestial mechanics, and in studies of quantum
ergodicity and in molecular physics [9–11]; it turns out that
an accurate approximation to the exact eigenfunctions of this
Hamiltonian is given by eigenfunctions of the form [10,11]
n1,n2 = Nφn1 (aQ + b)φn2 (aIRQIR), (1)
where N is a normalization constant, and the φ are harmonic
oscillator eigenfunctions for scaled oscillator coordinates,
and, for the coordinate Q, with a displaced oscillator coor-
dinate; the scaling and displacement terms a, aIR and b can
be determined variationally or within a self-consistent field
(SCF) approach for a given value of a1,2. These approxi-
mate results are supported by state-of-the-art ab initio density
functional theory (DFT) calculations [12] for YBa2Cu3O6+x
(YBCO), which also support the assumption that the third-
order Barbanis-type anharmonicity dominates over quartic
and higher terms for the regime of pump intensities in the
relevant experiments.
With the Q lattice coordinate pushed to an off-equilibrium
value by the excitation of the infrared mode by a pump pulse,
a transient modified crystal structure sets in, and this could
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explain the substantial transient increase of Tc [1–3]. Pump-
probe x-ray diffraction experiments on a sub-ps timescale
support this interpretation [7]. A more recent experimental
and theoretical analysis of the pump-frequency dependence
over the complete far- to near-IR range [13] definitely identi-
fied the 670 cm−1 B1u infrared-active mode as by far the most
effective in generating the higher-temperature superconduct-
inglike response; but, on the other hand, it raised some serious
questions, based on ab initio DFT lattice dynamics calcula-
tions, about the identification of the involved A1g-symmetric
phonon mode(s).
It is therefore worthwhile to look for possible further
experimental validations of the nonlinear phononics inter-
pretation of light-induced superconductivity, an important
attempt to understand transient light-induced phases, and this
is the purpose of the present paper. It seems indeed hardly
plausible that an interplay between vibrational/structural
and electronic properties that is so strong as to in-
duce a raise of the superconducting temperature by hun-
dreds of degrees does not affect any other observable
quantities.
If a given phonon coordinate affects the electronic states at
the Fermi energy and considerably modifies Tc, as argued in
Ref. [7], one could suspect that changes of the electronic states
at the Fermi energy, such as the usual onset of equilibrium
superconductivity when cooling below Tc, with the opening
of a gap, could have effects on the phononic properties, going
beyond the ordinary small corrections to the phonon self-
energies [14,15]. This paper investigates the possibility that
this could lead to observable effects that could provide support
for the nonlinear phononics interpretation of light-induced
superconductivity. If the predicted effects are not observed,
on the other hand, this is not necessarily ruling out this inter-
pretation, as discussed later.
It would be beyond the scope of this paper to suggest
modifications or extensions of the nonlinear phononics ex-
planation as formulated in Refs. [5–7], and in the following
we shall not question the assumptions adopted there, for
example, ignoring the effects of the pump pulse on the pop-
ulation of electronic states, or retaining only the Barbanis
type of anharmonic coupling to a single phonon mode and
ignoring other possible terms, such as the cubic and fourth-
order terms involving modes off the zone center discussed by
Knap et al. [16].
For this admittedly limited purpose, we adopt a very
simple-minded Ginzburg-Landau description of the supercon-
ducting transition [17], including an additional dependence of
the critical temperature Tc on the Q lattice coordinate. Rea-
soning based on this phenomenological description implies
that, even in the absence of the pump, when the system is
cooled below Tc, a softening of this phonon frequency and a
spontaneous distortion of the lattice should occur. An attempt
to estimate the sizes of the softening and of the distortion
is carried out, at least roughly, to determine whether they
could be observable; measured experimental properties of
YBa2Cu3O6+x are used to infer the values of the parameters
entering the Ginzburg-Landau free energy. It turns out that, for
plausible values of the parameters, the frequency shift should
be observable, whereas the lattice distortion could be harder
to detect.
II. GINZBURG-LANDAU FUNCTIONAL
FOR THE FREE ENERGY
In the phenomenological Ginzburg-Landau theory, the free
energy per unit volume of a superconductor in the vicinity of
Tc is written as a functional of the order parameter ; in the
simplest case of a uniform superconductor without external
fields, it takes the form
F (T, ||) = a(T − Tc)||2 + b||4, (2)
where the coefficients a, b are positive. Looking for a mini-
mum of this functional as a function of ||, one immediately
finds || = 0 for T > Tc, and for T < Tc the values
||2 = a(Tc − T )
2b
, Fmin(T ) = −a
2(Tc − T )2
4b
. (3)
It can be argued that this mean-field type of formulation is
oversimplified for the cuprates, with their short coherence
length, their symmetry lower than cubic, etc.. But for the
sake of simplicity we shall stick to this description. The ob-
servation of similar light-induced transient superconductivity
phenomena in totally different compounds, such as K3C60 [4],
supports a rather generic approach. We further assume that
an optical phonon coordinate Q, with a vanishing expectation
value in the equilibrium state above Tc, is affecting the tran-
sition temperature, if it takes a nonvanishing amplitude, and
that this is what happens when an infrared-active phonon QIR
is pumped by a sufficiently intense laser pulse. Right after the
pulse, the new equilibrium position is Q0, proportional to Q2IR.
A simple description of the effect on the superconducting crit-
ical temperature of this new transient structure can be given by
modifying the free-energy functional in the following way,
F (T, ||, Q0) = E0 + (1/2)ρk(Q − Q0)2
+ a[T − Tc − c(Q)]||2 + b||4. (4)
Here, the first two terms on the right-hand side correspond to
the elastic energy (per unit volume) of the lattice distortion
around the new equilibrium position, where E0 < 0 is the
bottom of the harmonic potential well at Q0, ρ is the number
density of deformed bonds, and k = m∗ω2 the product of
effective mass and square frequency. The third term expresses
an increase of the critical temperature to Tc + c(Q), when Q
is nonvanishing (i.e., when it is displaced with respect to the
equilibrium position in the absence of pumping, not from Q0).
The function c(Q) reflects the complex physics that leads
to a Tc enhancement in a distorted lattice. According to the
arguments in Refs. [5,6], the lattice distortion induces a modi-
fication of the orbital character and density of electronic states
at the Fermi energy, leading to the Tc enhancement. Lacking a
microscopic theory, the functional relationship between Q and
Tc remains out of our reach. Once again, a word of caution on
the questionable aspects of this approach is necessary. As it
was stated above, the Ginzburg-Landau theory is limited to
T near Tc. Just shifting the critical temperature keeping the
same functional form and a, b parameters is really justified if
the shift satisfies
c(Q)  Tc. (5)
This restriction certainly does not apply to the situation
described in Refs. [3,13] which implies, e.g., a shift of some
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250 K from 50 K to room temperature for the critical tem-
perature of YBa2Cu3O6.5 after a THz pulse. So one must
understand Eq. (4) as describing the “small Q” regime, where
Eq. (5) is satisfied, and not the regime of intense THz pumping
that the experiments access. In fact, as we shall soon see,
the conclusions of this paper are for the case in which the
pumping of QIR is absent.
In order to make progress we make a linearization assump-
tion for c(Q), i.e., assume that in some limited range of Q
near Q = 0,
c(Q)  cQ (6)
[remember that c(Q = 0) = 0], where c is a coefficient to
be determined. This is very likely the case for a sufficiently
small Q range [the exception being if, for some reason,
(∂c/∂Q)Q=0 vanishes, and the small-Q development starts
with a Q2 term; however, if the lattice structure modification
corresponding to Q enhances Tc, it seems highly improbable
that this effect is an even function of Q]. Within this assump-
tion Eq. (4) becomes
F (T, ||, Q) = E0 + (1/2)ρk(Q − Q0)2
+ a[T − Tc − cQ]||2 + b||4. (7)
Additional support for this form of the free-energy func-
tional comes from the discussion of the coupling of the strain
tensor to the superconducting order parameter by Joynt and
Rice [18], Ozaki [19], and Millis and Rabe [20] who, starting
from a simple description of the condensation energy in terms
of the band structure and the gap function, suggest coupling
terms linear in the strain and quadratic in the order parameter
(for a summary and extensive information on a generaliza-
tion of the argument for anisotropic superconductors, see
Ref. [21]). This is exactly the character of the additional term
in Eq. (7), −cQ||2. Although the strain tensor is represen-
tative of acoustical deformations, and here Q represents an
optical deformation, this should not modify the argument.
If a certain value of Q0 = 0 is imposed by the external THz
pump, we can minimize the free-energy Eq. (7) with respect
to both ||2 and Q to get
||2min = ρk
a(Tc + cQ0 − T )
2bρk − a2c2 ,
Qmin = Q0 + a
2c(Tc + cQ0 − T )
2bρk − a2c2 , (8)
and
Fmin(T, Q0) = E0 − 12ρka
2 (Tc + cQ0 − T )2
2bρk − a2c2 . (9)
For Eqs. (8) and (9) to make sense, the conditions Tc + cQ0 >
T (necessary for the existence of a minimum) and 2bρk >
a2c2 (necessary for a positive ||2) must be fulfilled. The
latter restricts the admissible values of c to the range




III. CONSEQUENCES IN THE ABSENCE OF AN
EXTERNAL PUMP PULSE
In this section we shall consider the situation in which no
external pump is present, so that Q0 = 0 (and of course E0 =
0). Note that, if the critical temperature is enhanced by a lattice
distortion (c = 0), Eq. (8) shows that Qmin does not vanish
even when Q0 does:
Qmin = a
2c(Tc − T )
2bρk − a2c2 ≡
c(Tc − T )
c2max − c2
. (11)
It is therefore easy to see that a spontaneous distortion of the
lattice, proportional to Tc − T , takes place below Tc, because
Fmin(T, Q0 = 0) = −12ρka
2 (Tc − T )2
2bρk − a2c2 (12)
lies deeper than the corresponding minimum of the undis-




(Tc − T )2
2bρk − a2c2 <
−a2(Tc − T )2
4b
(13)
as the inequality, in the range of validity of Eq. (10), reduces
to the obvious one:
2bρk




Under the same no-pump conditions, consider now the
change in the free energy, given by Eq. (7) with Q0 = 0,
when we excite the vibrational mode slightly away from the
minimum value given by Eq. (11). For a small deviation 
Q
the free energy is
F (T, Q = Qmin + 









In deriving Eq. (15) we assume that the electronic properties,
including the superconducting order parameter, instanta-
neously adjust to the lattice configuration, and therefore
minimize the free energy with respect to ||2 for the value
of Q = Qmin + 
Q. This assumption appears questionable,
as the energy scale of electronic excitations (essentially
the superconducting gap) is certainly not larger than the
scale of the relevant Raman-active phonon energies, typi-
cally 30–40 meV, and does not straightforwardly justify
a Born-Oppenheimer approach. Nonetheless, there are good
experimental and theoretical reasons to mitigate the severity
of this assumption. First of all, the main experimental effect
in discussion here is the emergence of a fully developed su-
perconductinglike optical response 0.5 ps [13] or 0.8 ps after
the pump pulse [3]. This implies a dramatic gap opening
(buildup of the order parameter) on a timescale faster than
0.5–0.8 ps, in a range of temperatures down to Tc. If this very
fast response of the order parameter were not possible, then
the whole observation of light-enhanced superconductivity
would be in question. A timescale faster than 0.5–0.8 ps can
still be slower than the phonon periods of order 0.1 ps, but
suggests that response times cannot be simply related to one
energy scale. In the special case of cuprates, for example, the
anisotropy of the d-wave gap, displaying nodal directions,
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was shown in model calculations [22] to lead to a much
faster dynamic response of the superconducting gap to sud-
den perturbations, with respect to the isotropic s-wave case.
Although the anisotropy is ignored in our simple description,
the resulting ultrafast response time can be phenomenologi-
cally incorporated. For these reasons, rather than attempting a
more realistic but more complex approach taking the details
of the time-dependent response into account, we adopt the
simplifying assumption of an instantaneous relaxation of the
superconducting order parameter.
The result of Eq. (15) corresponds to a reduction of the
restoring force constant, or, equivalently, to a softening of the








It is important to remark that the softening described by
Eq. (16) takes place abruptly, as soon as T is lowered below
the critical temperature.
We therefore argued so far that the Q dependence of the
effective critical temperature implies two consequences: (1) a
softening of the phonon frequency (reduction of the “spring
constant”) taking place below Tc in agreement with Eqs. (15)
and (16), and (2) a spontaneous distortion from Q = 0 to
Qmin(T ) given by Eq. (11), linearly increasing in size as the
temperature is lowered below Tc.
Questions to address are whether the simple-minded treat-
ment adopted here can lead to credible predictions, and
whether the size of the predicted effects is possibly leading
to observable effects. In order to explore the latter, one needs
to establish numerical values of the model parameters in a
realistic case.
IV. NUMERICAL ESTIMATES FOR YBCO
According to Ref. [7], the main effect of the THz pump-
ing pulse is to generate a nonequilibrium elongation of the
intrabilayer distance, via nonlinear phonon couplings. This
elongation corresponds (see Ref. [7], Extended Data Fig. 3)
to the modes labeled Ag15 and Ag21, with wave numbers
94.52 and 125.19 cm−1, respectively. This assignment, based
on ultrafast x-ray diffraction data, is, however, not supported
by theory, as more recent work by Fechner and Spaldin [12]
and Liu et al. [13], based on DFT calculations, suggests that
the relevant A1g mode has a substantially higher frequency,
470 cm−1 or more. Nonetheless, just to get an order of mag-
nitude estimate, let us take Mankowsky et al.’s estimate and
further simplify this to a single mode; to evaluate the param-
eter k = m∗ω2, let us assume a wave number of 100 cm−1,
corresponding to ω  2 × 1013 s−1. The effective mass cor-
responding to the relative coordinate of two Cu atoms is
(1/2)mCu  (1/2)63.5 amu, where 1 amu = 1.66 × 10−24 g
and 63.5 is the isotope-averaged mass of a Cu atom. One thus
comes to
k  2.1 × 104 g/s2. (17)
[Note that this purely indicative estimate of m∗ω2 is un-
changed for a different, O-related phonon mode, if the
effective mass is reduced by a factor 4 (from Cu to O) and
the frequency is increased by a factor of 2.]
FIG. 1. Lattice distortion in pm, divided by Tc − T in K, as a
function of the linearization parameter c, in K/pm. The vertical
dashed line marks the cmax value, 38 K/pm.
The density of Cu pairs facing each other across a bilayer in
the ortho-II structure of YBCO is one pair in a volume corre-
sponding to 3.827 × 3.893 × 11.699 Å3 [23] that establishes
another parameter,
ρ  5.7 × 1021 cm−3. (18)
In order to obtain the value of the parameter a2/2b, which
determines (together with the linearization coefficient c) the
phonon softening, Eq. (16), and the lattice distortion, Eq. (11),
we use a relation involving the specific heat jump per unit
volume at Tc [see Eq. (45.8) in Ref. [17]],




where Cs (Cn) denotes the specific heat at Tc of the supercon-
ducting (normal) phase.
Experimental determinations of the specific heat jump at
Tc are found in the literature. For YBa2Cu3O6.5, Loram et al.
[24] obtain for 
γ = γs − γn, where γ = C/T ,

γ (Tc)  6.2 mJ
mol K2
, (20)
whereas Wühl et al. [25] measure

γ (Tc)  10 mJ
mol K2
. (21)
So an average of the experimental results gives an estimate
of 8 mJ/(mol K2). The critical temperature of YBa2Cu3O6.5
is about 50 K, and the density of the material (necessary to










Now all the ingredients are there to determine the numerical




 1.4 × 1023 K2/cm2, (23)
or cmax  3.8 × 1011 K/cm. With the help of Eqs. (11) and
(15), we can now plot the lattice distortion and the softening
of the frequency as a function of the linearization parameter c
(Figs. 1 and 2).
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FIG. 2. Relative softening of the phonon frequency as a function
of c.
V. COMPARISON WITH EXPERIMENT
The question whether these are observable effects is diffi-
cult to answer in the absence of a reasonable way to estimate
the parameter c. Nonetheless, with a resolution between 1 and
3 cm−1 for Raman experiments [27], the softening should be
easily detectable as soon as c exceeds 0.2cmax, especially
because of its sudden onset as the temperature is lowered
below Tc. The lattice distortion, which grows linearly with
Tc − T , on the other hand, would be limited to 0.2 pm at
10 K below Tc, which is may be below the detection limit
(one should not feel comfortable about considering still lower
temperatures, as this would drive us outside of the region
where Ginzburg-Landau arguments can possibly apply).
Coming to the Raman experiments on YBaCuO in the
literature, a thorough study is reported by Limonov et al.
in Ref. [27], albeit limited to samples in a narrow compo-
sition region around optimal doping, with Tc  80 K. Their
attention is focused on a mode at 340 cm−1, that among all
Raman-active A1g modes (in the orthorhombic D2h classifica-
tion) stands out for its larger distinct temperature dependence
below Tc. In fact, a softening of over 2% is shown for over-
doped (Tc = 86 K) and optimally doped (Tc = 93 K) samples,
but much smaller for underdoped (Tc = 80 K) ones. Their
analysis is based on the theory of the phonon self-energies
in a strong-coupling superconductor as put forward by Zeyher
and Zwicknagl [14], modified for the anisotropic d-wave case
by Nicol et al. [15]. All other modes have much smaller
frequency shifts (positive or negative) at and below Tc. Ac-
cording to the letter of the analysis of Zeyher and Zwicknagl,
the mode is much more affected because in the tetragonal D2h
point group classification this mode would be an “allowed”
B1g mode, while the other considered modes are “forbidden”
A1g (forbidden in the sense that selection rules would impose
vanishing values of the matrix elements for the electron-
phonon interactions affecting the phonon self-energy). This
takes the point of view that the orthorhombic distortions are
very small, and disorder in the samples essentially washes out
their effects, so that tetragonal concepts still apply. A further
point to stress is that while the arguments of the present paper
predict a sudden drop of the frequency at Tc, the observed
temperature behavior is rather steep but not really sudden.
Finally, the mode in question is also not directly identifiable
with the ones singled out in Refs. [7,12,13].
So one cannot find support for the nonlinear phononics
explanation of light-induced superconductivity in YBaCuO in
a comparison of the criteria discussed here with experiments.
It is worthwhile emphasizing that this result does not automat-
ically rule out this explanation, as it could of course, among
other possibilities, correspond to the fact that the parameter c
describing the effect of the relevant lattice coordinate on Tc in
the small Q regime happens to be very small (c < 0.2cmax),
or that the form of the Ginzburg Landau description adopted
here is oversimplified.
Interestingly, experiments on cuprates with more than two
layers, in particular, HgBa2Ca3Cu4O10+x [28], a compound
in which light-enhanced superconductivity is, as far as we
know, yet to be looked for, are in qualitative agreement with
the predictions of the present analysis. For two modes of A1g
symmetry in this tetragonal structure, with frequencies near
250 and 390 cm−1, respectively, very large softenings (respec-
tively 6% and 18%, well beyond what the standard self-energy
effect of the gap opening would predict) are observed, and
they occur rather abruptly in a 10–15 K interval below Tc 
120 K. The interpretation of these experiments is still contro-
versial. According to Munzar and Cardona [29], the unusually
large phonon anomalies are related to the appearance, below
Tc, in three- and four-layer cuprates, of a Raman-active trans-
verse Josephson plasma resonance; the charge fluctuations in
the cuprate layers induced by the plasmon interact strongly
with the charge distortions induced by the phonons, leading to
a strong level repulsion and transfer of oscillator strength, with
a corresponding enhancement of the Raman intensity for the
softened phonon. Indeed, similar phonon anomalies are ob-
served not only in the four-layer HgBa2Ca3Cu4O10+x but also
in the three-layer Bi2Si2Ca2Cu3O10+x system [30] with an
8% softening of a Raman-active phonon at 390 cm−1. How-
ever, Limonov et al. observed that the intensity enhancement
disappears when the incoming photon energy is increased
from 1.9 eV to a 2.2–2.5 eV range, suggesting a resonance
effect as the explanation. Following a theoretical suggestion
by Venturini et al. [31] that a Raman-active A1g mode arises
from collective spin excitations, Gallais et al. [32] compare
Raman spectra for the single-layer HgBa2CuO4+x and the
three-layer HgBa2Ca2Cu3O8+x, and conclude that resonance
behavior and scaling with Tc of the A1g modes are rather
independent of the number of layers, and therefore do not
support the Josephson plasmon explanation.
As far as Bi2Si2Ca2Cu3O10+x is concerned, on the other
hand, Hu et al. [33] report the lack of any signatures of
light-enhanced critical temperature in this system. Therefore,
whatever the reason for the phonon anomaly reported by
Limonov et al., it is not related to the mechanism discussed
here.
VI. CONCLUSIONS
In this paper an attempt was made to explore possi-
ble experimentally verifiable consequences of the nonlinear
phononics interpretation of the phenomenon of light-induced
superconductivity. On the basis of a simple Ginzburg-Landau
free-energy description, an abrupt softening below Tc of one
(or more) Raman-active phonon(s) was predicted. Inserting
reasonable values for YBCO, it was concluded that the effect
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could be observable in this material. A comparison with exist-
ing experiments cannot be claimed to support this prediction,
at least for the phonons that are identified as directly related
to the Tc enhancement.
The observed unusually large and abrupt phonon soft-
enings in Bi (2223) and Hg (1234) cuprates with three or
four Cu-O layers are, on the other hand, qualitatively similar
to those predicted here. However, a recent search for light-
induced superconductivity in Bi (2223) gave a negative result
[33], while no search was carried out in Hg (1234).
On the basis of the presently existing data, the arguments
presented here do not lend support to the nonlinear phononics
explanation. It may be of interest to explore the observability
of a light-induced enhancement of Tc in Hg (1234) and in
general to extend the search for the specific phonon modes
driving this spectacular phenomenon.
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